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ABSTRACT [18F]SPA-RQ (substance P antagonist receptor quantifier) labels the
substance P-preferring (NK1) receptor in human brain. A prior study showed that
[18F]SPA-RQ brain uptake can be quantified with a reference tissue method and thereby
avoid invasive blood sampling. The purposes of this study were to compare three differ-
ent reference tissue methods and to assess test–retest reproducibility. Eight healthy sub-
jects underwent two [18F]SPA-RQ scans. We calculated the binding potential (BP), which
is proportional to receptor density, from both regional volume of interest and voxel-wise
data. We compared three reference tissue methods: simplified reference tissue model,
multilinear reference tissue model (MRTM), and its two-parameter version (MRTM2).
The three methods generated equivalent values of regional BP, but MRTM2 was the
most resistant to noise. Temporally stable values of BP were obtained with 240 min of
imaging data. MRTM2 had excellent test–retest reproducibility, with high reliability
(intraclass correlation > 0.9) and low variability (< 10%). In addition to regional volume
of interest analysis, we also created parametric images of BP, variability, and reliability
based on voxel-wise time–activity data. The reproducibility of parametric BP was also
good, with variability < 20% and reliability > 0.7 in gray matter regions. In conclusion,
a two-parameter reference tissue method (MRTM2) provided reproducible and reliable
measurements of [18F]SPA-RQ brain uptake using 240 min of both regional and voxel-
wise data. Synapse 61:242–251, 2007. Published 2007 Wiley-Liss, Inc.{

INTRODUCTION

Substance P (SP) is a neuropeptide in the tachyki-
nin family and has high affinity for the neurokinin-1
(NK1) receptor (Saria, 1999). This receptor is widely
distributed in brain, with the exception of the cerebel-
lum, and is particularly enriched in basal ganglia
(Caberlotto et al., 2003; Hietala et al., 2005; Nyman
et al., 2006). Animal studies suggest that SP and NK1

receptors have significant modulatory roles in mood,
anxiety/stress responses, reward, nociception, emeto-
genesis, motor control, and neurogenesis (De Felipe
et al., 1998; Hesketh et al., 2003; Kramer et al., 1998;
Morcuende et al., 2003; Murtra et al., 2000; Rioux
and Joyce, 1993; Santarelli et al., 2001; Stumm et al.,
2001).

Very little is known about the functions mediated by
SP in man. PET imaging of NK1 receptors is a promis-
ing tool to study one aspect of this neurotransmitter
system in health and disease. SPA-RQ is a NK1 recep-
tor antagonist, and its 18F-labeled form can localize
and quantify NK1 receptors in human brain (Hietala
et al., 2005; Nyman et al., 2006). Human [18F]SPA-RQ
brain data are well described with a two-tissue com-
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partment model (Hietala et al., 2005), and NK1 recep-
tor binding can be robustly quantified with a reference
tissue model—namely, the simplified reference tissue
model (SRTM) (Lammertsma and Hume, 1996) with
the cerebellum as the reference region.

In this study, we assessed three reference tissue
methods to quantify receptor binding of [18F]SPA-RQ
in human brain. We used binding potential (BP) as the
outcome measure. BP equals the ratio at equilibrium
of the concentration of specific binding to nondisplace-
able uptake, and it is proportional to receptor density.
We estimated BP with the nonlinear method of the
SRTM (Lammertsma and Hume, 1996), a three-pa-
rameter multilinear reference tissue model (MRTM),
and its two-parameter version MRTM2 (Ichise et al.,
2003). Because [18F]SPA-RQ data may be used to com-
pare subjects on a voxel-by-voxel basis, we assessed
the reproducibility using both regional (i.e., volume of
interest) time–activity curves and parametric images.

MATERIALS AND METHODS
Subjects

The NIMH Institutional Review Board approved
this study. Five male and three female healthy sub-
jects (mean age, 37 6 16 years; age range, 23–63
years) participated in the study after providing writ-
ten informed consent. All subjects were free of medical
or neuropsychiatric illness on the basis of history,
physical examination, routine blood and urine tests,
and electrocardiography. The subjects were asymptom-
atic and had normal repeat urine and blood laboratory
tests for both PET scans.

Production of radiotracer

[18F]SPA-RQ was produced with an adaptation
(Chin et al., 2006) of the originally described method
(Solin et al., 2004). Each batch had >95% radiochemi-
cal purity.

PET data acquisition

All subjects underwent two [18F]SPA-RQ scans with
an interval of 22 6 20 days (range of 6–64 days). PET
experiments were performed using the GE Advance
device (General Electric Medical Systems, Waukesha,
WI), which has 35 adjacent slices of 4.25 mm thickness
covering the whole brain. The camera was used in 3D
mode, with a reconstructed resolution of 6 mm full-
width half-maximum in all directions. To minimize
head movement, each subject was placed on the scan-
ner bed with his or her head held firmly in place with
a thermoplastic mask fixed to the bed. An 8-min trans-
mission scan was acquired to correct for tissue attenu-
ation before the first scanning session. The subject left
the camera for three rest periods. We performed a 2-
min transmission scan and confirmed visually, with

repositioning as necessary, that the subject’s head
returned with the same orientation in the gantry.

After the transmission scan, [18F]SPA-RQ (318 6 56
MBq; range, 204–377 MBq) was administered i.v. over
�60 s. The specific radioactivity of [18F]SPA-RQ was
29.6 6 12.1 GBq/mmol (range, 15.6–53.5 GBq/mmol ) at
the time of injection, corresponding to a mass of car-
rier of 3.9 6 1.0 mg (range, 1.9–5.1 mg). Based on the
NK1 receptor density in postmortem human brain
(Griffante et al., 2006), we estimate that the injected
mass dose of radioligand occupied a small percentage
of receptors in striatum (0.8%) and neocortex (1.9%).

Brain radioactivity was measured for 120 min (6 �
0.5 min, 3 � 1 min, 2 � 2 min, with 5 min frames
thereafter), followed by additional dynamic scans of
four 5-min frames in three intervals: 160–180, 220–
240, and 280–300 min. Each subject had a T1-
weighted magnetic resonance imaging (MRI) scan on a
GE Signa 1.5 T scanner (TR/TE ¼ 12.1 ms/5.2 ms).

Volume of interest definition

Radioactivity in seven brain regions (cerebellum,
striatum, prefrontal cortex, temporal cortex, parietal
cortex, occipital cortex, and thalamus) were obtained
with a template-based method for defining of volumes
of interest (Yasuno et al., 2002). The template-based
method has two steps. The first entails the spatial
transformation of the template volumes from a model
MRI to the individual’s MRI. The second step refines
the transformed volumes to the individual segmented
gray matter of the MRI using the intensity character-
istics of these images. The final template on the indi-
vidual MRI was linearly transformed to individual
PET images with the parameters obtained from the
MRI coregistration to PET images. The mean volumes
for eight subjects was 24.5 6 2.9 cm3 for cerebellum,
11.7 6 1.4 cm3 for striatum, 88.8 6 6.6 cm3 for prefron-
tal cortex, 57.6 6 1.3 cm3 for temporal cortex, 56.2 6
5.8 cm3 for parietal cortex, 66.0 6 6.0 cm3 for occipital
cortex, and 7.0 6 0.8 cm3 for thalamus.

Reference tissue models

To estimate BP without arterial blood sampling, data
were analyzed with two versions of MRTM (three-pa-
rameter MRTM and its two-parameter version MRTM2)
(Ichise et al., 2003) and the SRTM (Lammertsma and
Hume, 1996). Table I lists the characteristics of the
three reference tissue models used for the analysis of
the [18F]SPA-RQ data.

The MRTM is known to be less affected by noise-
induced bias than linear least squares models like that
of the Logan plot (Carson, 1993; Ichise et al., 2002).
MRTM2 reduces the number of parameters from 3 to 2
by fixing the efflux rate constant k

0
2 of radiotracer from

the reference region to plasma.
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For each scan day of each subject, the value of k
0
2

used for MRTM2 was the mean weighted (according to
volume of interest size) value of several k

0
2 values esti-

mated with MRTM from moderate to high BP target
regions (prefrontal cortex, temporal cortex, parietal
cortex, occipital cortex, and striatum) using the same
cerebellum volume of interest as a reference region
(Ichise et al., 2003). We defined only one cerebellum
region for each subject, who should thereby have only
one correct value of k

0
2. The k

0
2 values of the same sub-

ject estimated with MRTM using the same input (i.e.,
cerebellum) should be identical because k

0
2 is the efflux

rate constant from the same cerebellum region. In
practice, however, the accuracy of estimated k

0
2 values

varies depending on the target region used. Noise in
the time–activity data of target regions significantly
affect the accuracy of k

0
2 estimation by MRTM, such

that more noise causes greater bias and variability of
k

0
2 estimation. Therefore, we used in the MRTM2 a

mean value of several k
0
2 values estimated from moder-

ate to high BP target regions. The two parameter esti-
mation with MRTM2 is more resistant to noise for the
estimation of BP and R1 (ratio of influx of target region
to reference region), than the three parameter meth-
ods of SRTM and MRTM (see Ichise et al., 2003 for
details).

Comparison of BP estimates between models

We compared BP values estimated from SRTM,
MRTM, and MRTM2. Regional radioactivity was nor-
malized for injected dose and body weight and
expressed as a standardized uptake value (SUV).

%SUV ¼ ð% injected activity/cm3 tissueÞ
� ðg body weightÞ

Using a plasma input function, Hietala et al. (2005)
showed that a two-tissue compartment model well
described the kinetics of [18F]SPA-RQ in both refer-
ence and target regions. Fixing the start time t* to 0
violates the assumptions of a two-tissue compartment
model and may bias BP estimates (Slifstein et al.,
2000). To assess the effect of start time, we compared
BP estimates of MRTM with t* ¼ 0 and 50 min, with
the latter determined visually from graphical analysis
(Logan et al., 1990).

Noise simulation

We assessed the effect of noise on bias and variabili-
ty of BP with simulated data. Increasing amounts of
normally distributed mean zero noise were added to
regional time–activity curves, which had been aver-
aged for the eight subjects in striatum, thalamus, and
prefrontal cortex. Averaged time–activity curve of cer-
ebellum for the eight subjects was used as a reference
tissue radioactivity.

The noise ratio for each frame (NOISEi (%)) was
determined according to the collected total count (Ni)
given by:

NOISEi ð%Þ ¼ 100� ðNiÞ�0:5 ð1Þ

Ni ¼
Z tiþ�ti=2

ti��ti=2

CtðtÞ e�lt dt F ð2Þ

where i is the frame number, Ct is the nondecaying
tissue radioactivity concentration, ti is the midpoint
time of the ith frame, Dti is the data collection time, l
is the radioisotope decay constant, and F is a scaling
factor representing the sensitivity of the measure-
ment system and is introduced here to adjust the
noise level. Noise was generated with random num-
bers based on Gaussian distribution and added to the
original averaged tissue activity for each frame
(Ikoma et al., in press). The level of the noise for the
dynamic data (NOISE (%)) was expressed as the
mean of percent noise described in Eq. 1 from frames
of 1 to 300 min. In this simulation study, a thousand
noisy data sets were generated for each noise level
(NOISE (%)) of 5, 10, 15, 20, and 25%.

In the simulation study, the regional value of k
0
2 was

estimated from averaged regional radioactivity curves
from the eight subjects (i.e., simulated noise-less curve)
using MRTM (Ichise et al., 2003). Mean weighted
(according to mean volume of interest size) value of k

0
2

of moderate to high-BP regions (cortical regions
and striatum) was used for the simulation study (i.e.,
0.028 min�1).

Parameter estimates were considered outliers if BP
values were less than 0 (i.e., a negative value), or more
than five times of that estimated from original time–
activity curves. Bias was expressed as percent devia-
tion of the sample mean from the original value with
no added noise, and the variability was calculated as

TABLE I. Model summary

SRTM MRTM MRTM2

Model name Simplified reference tissue model Mutilinear reference tissue model Mutilinear reference tissue model 2
Reference Lammertsma and Hume (1996) Ichise et al. (2003) Ichise et al. (2003)
No. of parameters 3 3 2
Fitting Nonlinear Multilinear Multilinear

k
0
2

Variable Variable Fixed

k2
0 is the rate of efflux from the reference region to plasma.
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percent sample SD relative to the original value
excluding outliers.

Parametric imaging

A BP parametric image was calculated for each test
and retest scan using MRTM2, which was shown to be
most stable at high levels of simulated noise. The
model was fit on a voxel-by-voxel basis. Although more
resistant to noise than MRTM or SRTM, the MRTM2
parameter estimation can become unstable outside the
brain or in the white matter regions where blood flow
is low. Because white matter and regions outside the
brain are not of interest for this tracer, R1 (relative
blood flow) was used to assign a value of BP ¼ 0 in
these regions with R1 below 0.4 to improve the para-
metric image appearance (Ichise et al., 2003).

Reproducibility analysis

Test–retest reproducibility of BP values was as-
sessed in terms of variability and reliability. The
within-subject variability of BP values was defined as
the absolute value of the difference between the test
and retest measurements expressed as the percentage
of the mean value of the two measurements.

Variability ð%Þ ¼ 100� jtest� retestj=ððtestþ retestÞ=2Þ
ð3Þ

A measure of the reliability of BP values was as-
sessed bythe intraclass correlation coefficient (ICC)
according to the following equation:

ICC ¼ ðMSBS�MSWSÞ=ðMSBSþMSWSÞ ð4Þ

where MSBS is the mean sum of squares between
subjects, and MSWS is the mean sum of squares
within subjects. This coefficient is an estimate of the
reliability of the two sets of measurement and varies
from �1 (no reliability) to +1 (perfect reliability, i.e.,
identical test and retest measurements).

For voxel-by-voxel comparison between the test and
retest studies, BP parametric images were spatially
normalized using the ligand-specific template image
(Meyer et al., 1999). Normalized BP images were

smoothed with a Gaussian filter to 8 mm full-width
half-maximum. Reproducibility was calculated for
each voxel from BP parametric images to generate
parametric images of variability and reliability. Voxel-
wise comparison of BP was performed using Statistical
Parametric Mapping (SPM)2 (Wellcome Department of
Cognitive Neurology, London, UK). Significance of
voxel-wise comparison was set at P < 0.01 (uncor-
rected) with an extent of 100 contiguous voxels.

RESULTS
Regional time–activity curves and BP values

Regional brain uptake of [18F]SPA-RQ was consist-
ent with the known distribution of NK1 receptors:
highest in striatum, intermediate in neocortex and
thalamus, and low in cerebellum (Fig. 1). The time to
peak activity correlated with the density of sites, so

Fig. 1. Time course of regional brain activity following i.v. injec-
tion of [18F]SPA-RQ. Data represent the averaged time activity
curves of test and retest scans of all eight subjects. Activity is
shown as %SUV (standardized uptake value), which normalizes for
injected activity and body weight. Cerebellum (l); striatum (*);
prefrontal cortex (&); temporal cortex (}); parietal cortex (�); occi-
pital cortex (+); thalamus (~).

TABLE II. BP estimated from different reference tissue models and regional volume of interest data

Region

BP (mean 6 SD; n ¼ 8)

SRTM MRTM (t* ¼ 0) MRTM (t* ¼ 50) MRTM2

Striatum 4.38 6 0.89 4.36 6 0.88 4.51 6 0.90 4.40 6 0.97
Prefrontal cortex 1.77 6 0.45 1.77 6 0.45 1.75 6 0.45 1.79 6 0.46
Temporal cortex 1.99 6 0.42 1.99 6 0.41 1.96 6 0.41 1.98 6 0.42
Parietal cortex 2.06 6 0.52 2.05 6 0.51 2.04 6 0.51 2.06 6 0.52
Occipital cortex 2.04 6 0.45 2.04 6 0.44 2.01 6 0.43 2.00 6 0.42
Thalamus 1.15 6 0.28 1.15 6 0.28 1.13 6 0.27 1.16 6 0.26

SRTM, simplified reference tissue model; MRTM (t* ¼ 0), MRTM (t* ¼ 50): three-parameter multilinear reference tis-
sue model with start times of 0 and 50 min; MRTM2, two-parameter multilinear reference tissue model (t* ¼ 0 min).
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that striatum reached maximal activity by �150 min,
whereas cerebellum showed peak levels within 10 min.

We used three reference tissue methods (Table I)
to estimate regional BP values, i.e., calculated from
mean radioactivity levels in volumes of interest. Con-
sistent with the time–activity curves (Fig. 1), BP val-
ues were highest in striatum, followed by neocortical
regions and thalamus. The three methods gave similar
regional BP values (Table II).

BP estimation with simulated noise

To compare the robustness of the three methods, we
added random noise to time–activity curves in stria-
tum, prefrontal cortex, and thalamus. The two-param-
eter method of MRTM2 had the smallest magnitude of
variability, especially at high noise levels (Table III).
MRTM (t* ¼ 50) had the greatest bias and variability
in all measured regions, and there were a number of
outliers at high noise levels. Since MRTM2 was least
sensitive to noise and since voxel values have much
greater noise than mean regional levels, the remaining
analyses used this method to assess time stability and
accuracy of parametric imaging.

Time stability of BP estimates

The time stability of regional BP estimates with
MRTM2 was analyzed for striatum and five extra-
striatal areas (prefrontal cortex, temporal cortex, pari-
etal cortex, occipital cortex, and thalamus), with the
latter reported as the average of these five regions.
We defined significant bias as >610% of the value
determined with the entire 300-min data set. Each
time–activity curve was increasingly truncated to
determine the minimal length of time required to
obtain stable values of BP. No significant bias was

found for mean BP in striatum and extrastriatal
regions for the durations �180 min (Fig. 2). For the
duration of 180 min, 3 of 8 individuals, however,
showed significant bias in measured regions. For
durations of �240 min, no individual showed signifi-
cant bias in any region. Thus, with the definition of
significant bias as >610%, a total of 240 min image
acquisition was adequate to provide reliable BP meas-
urements. In fact, the absolute value of percentage
difference of averaged BP values between 240 and
300 min was within 2% (Table IV).

TABLE III. Bias and variability of BP estimates by four different models for simulated [18F]SPA-RQ data at different noise levels

Noise (%)

SRTM MRTM (t* ¼ 0) MRTM (t* ¼ 50) MRTM2

Bias
(%)

Variability
(%) N

Bias
(%)

Variability
(%) N

Bias
(%)

Variability
(%) N

Bias
(%)

Variability
(%) N

Striatum
5 0.2 4.3 0 0.2 4.6 0 0.9 7.7 0 0.2 3.1 0
10 1.0 9.3 0 1.2 9.4 0 3.7 19.1 0 0.4 6.2 0
15 2.2 15.8 0 2.6 15.1 0 12.4 45.9 17 0.2 9.8 0
20 4.1 25.6 0 5.3 25.0 0 14.5 50.6 51 1.3 12.1 0
25 7.7 41.1 0 9.6 38.2 1 17.2 62.0 92 2.5 17.6 0

Prefrontal cortex
5 0.0 2.9 0 0.0 2.9 0 0.0 4.1 0 0.0 2.3 0
10 0.0 8.8 0 0.6 6.4 0 1.8 8.9 0 0.0 4.7 0
15 �0.6 14.0 0 1.2 10.5 0 5.3 20.7 1 0.6 7.6 0
20 �0.6 18.7 0 2.3 15.2 0 10.1 34.3 12 0.6 9.9 0
25 1.2 21.6 0 4.1 19.3 1 11.2 38.5 43 1.2 12.3 0

Thalamus
5 0.0 3.5 0 0.0 2.7 0 0.9 3.6 0 0.0 2.6 0
10 �2.7 10.6 0 0.0 6.2 0 1.8 7.3 0 0.0 4.4 0
15 �3.5 15.0 0 0.9 8.8 0 4.5 14.5 5 0.0 7.0 0
20 �1.8 14.2 0 1.8 12.4 0 8.2 31.8 9 0.0 8.8 0
25 �0.9 17.7 0 3.5 16.8 0 9.1 37.3 16 0.9 11.4 0

Bias and variability are expressed as mean percent deviation of BP from the original value with no noise and excluded outliers.N indicates the number of outliers.

Fig. 2. Minimal time to achieve stable BP values. The complete
300-min data set was increasingly truncated to 240, 180, and 120
min. BP was calculated with MRTM2 (average values of the test
and retest study) for striatum and extrastriatal regions (averaged
for prefrontal cortex, temporal cortex, parietal cortex, occipital cor-
tex, and thalamus). Each point represents the averaged estimated
value from eight subjects, error bars representing standard devia-
tion expressed as a percentage of the 300-min BP value.
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BP estimated with regional and
parametric methods

We compared the accuracy of parametric measures
of BP with the prior analysis, based on mean regional
data. Volumes of interest identical to those used for
the regional time–activity curves were placed on the
parametric images of BP (i.e., generated from a voxel-
wise analysis). BP values from the parametric images
of 240- and 300-min data were robustly correlated
with those calculated from volumes of interest (r >
0.99, P < 0.001). Nevertheless, the parametric values
were on average 8 and 4% greater than those from re-
gional BP measurements for the 240- and 300-min,
respectively. Figure 3 shows the correlation between
parametric and volume measurements of BP using the
240-min data set. The 8% bias is shown by the slope
(1.08) of the straight line fitted with the y-intercept set
to 0. The comparable equation for the linear fit of the
300-min data set was y ¼ 1.04x.

Test–retest reproducibility of regional and
parametric analyses

We next compared the reproducibility of the 240- and
300-min analyses. The mean variability for 240 min
was lower than that from 300 min in every region. For
the 240-min data set, the variability of regional BP val-
ues on test and retest in individual subjects was low
and ranged from 4.4 to 6.5% for the 240-min analysis
(Table V). The test–retest BP reliability (ICC) was high
in all regions (0.94–0.98) and was similar for 240- and
300-min data, with the differences <62.1% (Table V).

We assessed the reproducibility of parametric images
of BP with a voxel-wise calculation of variability and
ICC (Fig. 4). In almost all gray matter voxels, variability
was less than 20% and ICC was more than 0.7 for both
240- and 300-min data sets. Furthermore, SPM compar-
ison of BP parametric images showed no significant dif-
ference in BP values between test and retest studies for
image acquisitions of both 240 and 300 min.

After generating parametric images of BP, variabili-
ty, and ICC, we obtained mean regional values from
volumes of interest applied on the parametric images.
BP values estimated by this method are summarized
in Table VI; variability and ICC are in Table VII. The
absolute value of percentage difference of BP values

between 240 and 300 min was less than 3% (Table VI).
Variability in 5 of 6 regions showed higher values for
240 min than for 300 min, but the difference was rela-
tively small (< 7%). In addition, the absolute difference
in ICC between these durations was < 5% (Table VII).

Although parametric images are vulnerable to
greater noise thanmean regional values, the test–retest
BP variability was relatively small, e.g., 7.3–10.0%
for 240-min data sets. The test–retest BP reliability
(ICC) was high in regions (0.72–0.84) (Table VII).

DISCUSSION

The purpose of this study was to compare three ref-
erence tissue methods, which by their nature do not
need arterial plasma sampling. We found that the
three methods (SRTM, MRTM, and MRTM2) provided
equivalent values of regional receptor density, meas-
ured as BP. Simulation studies of mean regional data
from volumes of interest showed that MRTM2 was
most resistant to noise, as occurs with lower injected
activities or when individual voxels are analyzed.

TABLE IV. Test–retest regional BP values estimated by MRTM2 with volume of interest method from 240- and 300-min imaging data

Region

BP 240 min BP 300 min

% differenceTest Retest Average Test Retest Average

Striatum 4.22 6 1.03 4.44 6 0.91 4.33 6 0.97 4.28 6 1.08 4.45 6 0.91 4.36 6 0.99 0.69
Prefrontal cortex 1.76 6 0.44 1.82 6 0.47 1.79 6 0.45 1.75 6 0.44 1.81 6 0.48 1.78 6 0.46 �0.56
Temporal cortex 1.93 6 0.41 2.01 6 0.41 1.97 6 0.41 1.93 6 0.42 2.01 6 0.43 1.97 6 0.42 0.00
Parietal cortex 2.01 6 0.49 2.07 6 0.54 2.04 6 0.51 2.02 6 0.50 2.07 6 0.55 2.05 6 0.52 0.49
Occipital cortex 1.94 6 0.36 2.03 6 0.45 1.99 6 0.40 1.95 6 0.38 2.04 6 0.47 1.99 6 0.42 0.00
Thalamus 1.16 6 0.28 1.20 6 0.25 1.18 6 0.26 1.14 6 0.29 1.18 6 0.25 1.16 6 0.27 �1.72

Values represent mean 6 SD.
% difference ¼ 100 � (average BP 240 min/average BP 300 min).

Fig. 3. Correlation of BP values calculated with MRTM2 using
regional volume of interest or voxel-wise (parametric) data. The
results were strongly correlated (r > 0.99). The fitted linear equa-
tion with y-intercept set to 0 is y ¼ 1.08x.
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Thus, we used MRTM2 for subsequent analysis of
time stability and reproducibility for both regional and
voxel data. With regional volume of interest data, sta-

ble values of BP were obtained by 240 min, and addi-
tional scanning to 300 min showed no significant
advantage in variability or reliability. Since paramet-

TABLE V. Test–retest reliability (ICC) and variability of BP estimated by MRTM2
with volume of interest method

Region

ICC
%

difference

Variability (%)
%

difference240 min 300 min 240 min 300 min

Striatum 0.98 0.96 2.1 6.3 6 4.4 6.6 6 4.7 �4.5
Prefrontal cortex 0.98 0.98 0.0 4.6 6 4.3 5.0 6 3.9 �8.0
Temporal cortex 0.98 0.98 0.0 4.4 6 4.3 4.9 6 3.4 �10.2
Parietal cortex 0.96 0.97 �1.0 5.8 6 4.1 5.9 6 3.8 �1.7
Occipital cortex 0.94 0.96 �2.1 5.7 6 4.4 6.2 6 2.5 �8.1
Thalamus 0.95 0.94 1.1 6.5 6 7.1 7.2 6 7.3 �9.7

ICC, intraclass correlation coefficient; Variability ¼ 100 � |retest � test|/((retest+test)/2); % difference ¼ 100 �
(values for 240 min/values for 300 min).

Fig. 4. T1-weighted MRI and parametric images of BP, variability, and reliability (ICC) for an inferior (cerebellar) and superior (striatal)
slice. Variability and ICC images were masked (i.e., shown in black) at BP > 0.3 and by segmented gray matter MRI image. Parametric
images for BP, variability, and ICC were similar for 240- and 300-min data.
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ric images of BP are useful to survey the entire brain,
we also created parametric images of variability and
reliability (ICC). Similar to the regional analysis, the
parametric images showed no significant advantage to
scan for 300 instead of 240 min, with the latter show-
ing relatively low variability (7.3–10%) and good reli-
ability (0.72–0.84).

Optimal reference tissue methods for
[18F]SPA-RQ

For regional analysis from volume of interest data,
the three reference tissue methods gave almost identi-
cal values for BP (Table II). For the level of noise in
the current regional data, the three methods were
equivalent. The prior study of Hietala et al. (2005)
showed that a two-tissue compartment model was
appropriate for both the reference and target regions.
A two-tissue model implies that the start time t* is
> 0, and violating this assumption by setting t* to 0
may bias BP estimates (Slifstein et al., 2000). How-
ever, BP estimation was not changed by applying t* of
50 or 0 min to MRTM (Table II). Thus, for the refer-
ence tissue methods, we can treat the kinetics of this
ligand as equivalent to a model with one-tissue com-
partment.

For the regional time–activity data, the three refer-
ence tissue methods were equivalent to measure BP,
with no advantage of the two-parameter (MRTM2)
compared with the three-parameter (MRTM and
SRTM) methods. But the simulated study with added
random noise showed that MRTM2 substantially
decreased bias and variability when compared with
the three-parameter methods, particularly at high
noise levels. Furthermore, applying a start time at

�50 min was not beneficial and actually caused
greater bias and variability at high noise levels.

BP values calculated from regional data and using
MRTM2 were stable for imaging durations � 240 min
(Fig. 2, Table IV). BP values from parametric analysis
were also stable by 240 min (Table VI), although they
were higher than those using regional time–activity
data (8%). This difference was likely caused by the
greater noise in the voxel than volume of interest
data, although the degree of difference is larger than
that expected from noise simulation study (Table III).
One explanation of the discrepancy is that the noise of
the time–activity voxel data was higher than 25%,
which was the maximal amount in the simulation
study. Another explanation is the difference of scan
duration between the noise simulation data (300 min)
and the study comparing parametric and volume of in-
terest analysis (240 min; Fig. 3). In fact, the bias was
smaller (4%) with the 300 min scan duration in the
comparison study.

Nevertheless, BP values from parametric values
were strongly correlated with those from regional val-
ues in both the 240- and 300-min data set (r > 0.99,
P < 0.001 for both data set), and either scan duration
is probably acceptable. A user will have to judge the
relative importance of an additional scanning to
improve the accuracy of the analysis (8% vs. 4% bias),
in the absence of greater reliability (as judged from
correlation with the volume of interest data).

Test–retest reproducibility of [18F]SPA-RQ

To measure test–retest reproducibility of [18F]SPA-
RQ data, we used MRTM2, which is relatively noise-

TABLE VI. Test–retest BP values estimated from volumes of interest applied on the parametric images created by MRTM2

Region

BP 240 min BP 300 min

% differenceTest Retest Average Test Retest Average

Striatum 4.75 6 1.10 4.87 6 1.08 4.81 6 1.08 4.62 6 1.12 4.80 6 0.98 4.71 6 1.05 2.1
Prefrontal cortex 1.86 6 0.50 1.88 6 0.49 1.87 6 0.48 1.80 6 0.50 1.84 6 0.48 1.82 6 0.48 2.7
Temporal cortex 2.02 6 0.45 2.07 6 0.43 2.05 6 0.43 1.98 6 0.45 2.04 6 0.44 2.01 6 0.44 2.0
Parietal cortex 2.16 6 0.59 2.17 6 0.58 2.17 6 0.57 2.11 6 0.59 2.13 6 0.58 2.12 6 0.57 2.4
Occipital cortex 2.10 6 0.44 2.15 6 0.50 2.12 6 0.45 2.06 6 0.44 2.11 6 0.49 2.08 6 0.46 1.9
Thalamus 1.21 6 0.26 1.24 6 0.25 1.22 6 0.25 1.17 6 0.28 1.21 6 0.25 1.19 6 0.26 2.5

Values represent mean 6 SD.
% difference ¼ 100 � (average BP 240 min/average BP 300 min).

TABLE VII. Test–retest reliability (ICC) and variability of BP estimated from volumes of interest
applied on the parametric images created by MRTM2

Region

ICC
%

difference

Variability (%)
%

difference240 min 300 min 240 min 300 min

Striatum 0.83 0.84 �1.2 7.3 6 2.1 7.5 6 3.7 �2.7
Prefrontal cortex 0.72 0.75 �3.5 9.3 6 3.6 9.1 6 3.5 2.2
Temporal cortex 0.84 0.89 �4.7 9.9 6 2.4 9.5 6 2.3 4.2
Parietal cortex 0.73 0.75 �3.1 8.8 6 4.2 8.3 6 3.4 6.0
Occipital cortex 0.77 0.79 �3.0 8.4 6 2.2 7.9 6 1.8 6.3
Thalamus 0.79 0.81 �2.2 10.0 6 2.3 9.5 6 2.8 6.3

ICC, intraclass correlation coefficient; Variability ¼ 100% � |retest � test|/((retest+test)/2); % difference ¼ 100 �
(values for 240 min/values for 300 min).
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resistant. For both regional and parametric analyses,
the reproducibility of the 300-min data was not signifi-
cantly better than that using 240 min, when assessed
with variability and reliability (ICC) (Tables V and
VII). Thus, 240 min of image acquisition is appropriate
for good reproducibility of BP values with MRTM2.

The regional analysis of the 240-min data showed
a variability of 4.4–6.5% and an ICC of 0.94–0.98
(Table V). This reproducibility is similar to or better
than that of other neuroreceptor radioligands (Hir-
vonen et al., 2003; Kim et al., 2006; Smith et al., 1998;
Sudo et al., 2001; Vilkman et al., 2000). ICC is often
used as a measure of reliability, with values of 0.4 and
0.75 regarded as fair to good, and greater than 0.9 as
excellent (Fleiss, 1986). By these criteria, regional
measures of [18F]SPA-RQ showed excellent reliability.

For voxel-based analysis of BP reproducibility, the
variability was < 20% and ICC values were > 0.7 in
almost all gray matter regions (Fig. 4). Applying iden-
tical volumes of interest on the parametric images of
variability and reliability showed low variability (7.3–
10.0%) and good reliability (0.72–0.84) (Table VII).
Thus, we found good reproducibility of [18F]SPA-RQ
BP obtained from MRTM2 with both regional (i.e., vol-
ume of interest) and voxel-wise data.

One limitation of this study is that we did not obtain
arterial plasma measurements of parent radiotracer.
Hietala et al. (2005) found that two-tissue compart-
ment analysis of BP had relatively high coefficients of
variation and lower values compared with SRTM,
even when K1/k2 was fixed to that of cerebellum. They
reported that BP values in putamen of two-tissue com-
partment analysis (K1/k2 fixed) and SRTM were 4.23 6
1.29 vs. 5.53 6 0.32, respectively. From these results,
we expect that the MRTM2 is more reproducible than
invasive two-tissue compartment analysis, although
we do not have test–retest reproducibility data with
arterial input measurements.

In conclusion, using a test–retest paradigm in
healthy subjects, we found that reference tissue analy-
sis provided highly reproducible measures of NK1 re-
ceptor binding, using both mean regional and voxel-
wise data. Imaging for 240 min was adequate, since it
generated values equivalent to those with 300-min
data. The two-parameter method (MRTM2) was rela-
tively resistant to increasing noise and is, thus, partic-
ularly suitable for voxel-wise analysis.
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